Infection with Mycobacterium avium subsp. paratuberculosis causes Johne's disease in cattle and is also implicated in cases of Crohn's disease in humans. Another closely related strain, M. avium subsp. avium, is a health problem for immunocompromised patients. To understand the molecular pathogenesis of M. avium subspecies, we analyzed the genome contents of isolates collected from humans and domesticated or wildlife animals. Comparative genomic hybridizations indicated distinct lineages for each subspecies where the closest genomic relatedness existed between M. avium subsp. paratuberculosis isolates collected from human and clinical cow samples. Genomic islands (n ‫؍‬ 24) comprising 846 kb were present in the reference M. avium subsp. avium strain but absent from 95% of M. avium subsp. paratuberculosis isolates. Additional analysis identified a group of 18 M. avium subsp. paratuberculosis-associated islands comprising 240 kb that were absent from most of the M. avium subsp. avium isolates. Sequence analysis of DNA regions flanking the genomic islands identified three large inversions in addition to several small inversions that could play a role in regulation of gene expression. Analysis of genes encoded in the genomic islands reveals factors that are probably important for various mechanisms of virulence. Overall, M. avium subsp. avium isolates displayed a higher level of genomic diversity than M. avium subsp. paratuberculosis isolates. Among M. avium subsp. paratuberculosis isolates, those from wildlife animals displayed the highest level of genomic rearrangements that were not observed in other isolates. The presented findings will affect the future design of diagnostics and vaccines for Johne's and Crohn's diseases and provide a model for genomic analysis of closely related bacteria.
DNA rearrangements are responsible for genomic diversity in microbial systems and usually contribute to the fitness of a pathogen in specific microenvironments (24) . Some of this variability leads to adaptation to a specific microenvironment, while other rearrangements are the products of the coexistence of recombinogenic microbes in an environment supportive of genetic exchange. For a group of closely related organisms such as members of Mycobacterium avium complex (MAC), including M. avium subspecies avium, M. avium subspecies paratuberculosis, and M. intracellulare, it is intriguing to investigate the genome contents of each organism and its relationship to the host microenvironment where these organisms evolve. Both M. avium subspecies avium and M. intracellulare are opportunistic pathogens widely distributed in the environment and can cause disseminated tuberculosis in immunocompromised patients (28, 44) . In contrast, M. avium subsp. paratuberculosis is an obligate pathogen of ruminants causing Johne's disease characterized by chronic enteritis, with severe economic losses for the dairy industry (22) . Recent reports also implicated M. avium subsp. paratuberculosis in cases of Crohn's disease in humans (27) in which patients suffer from chronic enteritis and intestinal pathology that is reminiscent to Johne's disease in cattle. Under laboratory growth conditions, M. avium subsp. paratuberculosis is a slow-growing mycobacterium that usually depends on the presence of mycobactin-J for in vitro growth, a criterion differentiating isolates of that subspecies from M. avium subspecies avium isolates. Additionally, M. avium subspecies avium isolates display more colony polymorphism than M. avium subsp. paratuberculosis isolates when grown on solid medium (10) . Using comparative genomic hybridizations, we examined several isolates belonging to the MAC group to better understand the changes responsible for adaptation to different microenvironments and to identify possible genomic rearrangements that could explain their divergent phenotypes.
Several analyses were attempted to examine diversity among members of MAC strains. Using sequence analysis of the dnaJ gene to assess genetic diversity among M. avium subspecies avium strains indicated a limited diversity among animal and human isolates (25) . However, experiments examining restriction fragment length polymorphism in the hsp65 gene showed greater variability and suggested that there are distinct lineages of strains that infect animals and strains that infect humans (29) . On a genome-wide level, long oligonucleotide microarrays identified large sequence polymorphisms in comparisons of M. avium subspecies avium and M. avium subsp. paratuberculosis, including polymorphisms affecting the mycobactin biosynthesis pathway (36) , despite the presence of Ͼ98% identity between both genomes at the nucleotide level (31) . A more recent study of genomic differences between M. avium subsp. paratuberculosis and M. avium subspecies avium confirmed this polymorphism among M. avium subspecies avium strains (32) .
The genome sequences of both M. avium subspecies avium (http://www.tigr.org) and M. avium subsp. paratuberculosis (20) are currently available, which allowed us to provide a higherresolution analysis of M. avium subspecies genomes.
The main objective in the present investigation was to identify genomic rearrangements among subspecies of M. avium to provide insights into the evolution of strains with distinct host preference and disease etiologies. We employed high-density oligonucleotide microarrays covering the entire M. avium genome to profile the genome contents of isolates from both animal and human sources. Both M. avium subspecies avium and M. avium subsp. paratuberculosis isolates clustered into distinct lineages regardless of the source of samples. This comparative genomic analysis provided the most comprehensive list of genomic island (GI) polymorphisms among different subspecies of M. avium. We used the identified islands to examine the genome synteny (gene order) of M. avium subspecies avium strains, which revealed several areas of genomic inversions that could play a role in antigenic variations. The presented findings will impact our understanding of microbial evolution, especially for pathogens from a closely related progenitor. The results also will help define a better set of diagnostics and vaccine candidates for use against pathogenic subspecies of M. avium.
MATERIALS AND METHODS
Bacterial strains. Mycobacterial isolates (n ϭ 34) examined in this report were collected from different human and domesticated or wildlife animal specimens representing different geographical regions within the United States (Table 1) . Mycobacterium avium subsp. paratuberculosis strain k10 (14) , M. avium subsp. avium strain 104 (M. avium 104) (43) , and M. intracellulare were obtained from Raul Barletta (University of Nebraska). M. avium subsp. paratuberculosis ATCC 19698 and other animal isolates used throughout this study were obtained from the Johne's Testing Center, University of Wisconsin-Madison, while the M. avium subsp. paratuberculosis human isolates were obtained from Saleh Naser (University of Central Florida). All strains were grown in Middlebrook 7H9 broth (Difco, Sparks, MD) supplemented with 0.5% glycerol, 0.05% Tween 80, and 10% ADC (2% glucose, 5% bovine serum albumin fraction V, and 0.85% NaCl) at 37°C (7). For M. avium subsp. paratuberculosis strains, 2 g/ml of mycobactin-J (Allied Monitor, Fayette, MO) was also added for optimal growth.
Microarray design. Throughout this study, we used oligonucleotide microarrays synthesized in situ on glass slides by use of a maskless array synthesizer (1) . Probe sequences were chosen from the complete genome sequence of M. avium subspecies avium 104. Preliminary sequence data for M. avium subspecies avium strain 104 were obtained from The Institute for Genomic Research through the website at http://www.tigr.org, and we predicted open reading frames (ORFs) by use of GeneMark (21) . For every ORF, 18 pairs of 24-mer sequences were selected as probes. Each pair of probes consists of a perfect match (PM) probe along with a mismatch (MM) probe with mutations at the 6th and 12th positions of the corresponding PM probes. A total of ϳ185,000 unique probe sequences were synthesized on derivatized glass slides by NimbleGen System, Inc. (Madison, WI) (37). 
RESULTS
Microarray analysis of M. avium subsp. avium and M. avium subsp. paratuberculosis genomes. The main goal of this study was to investigate the genomic rearrangements among M. avium subsp. avium and M. avium subsp. paratuberculosis isolates from various hosts to understand their adaptive evolution in the host microenvironments. We began the analysis using five mycobacterial isolates and DNA microarrays and expanded our analysis to include an additional 29 isolates employing a more affordable technology of PCR followed by direct sequencing. All of the isolates were collected from human and domesticated or wildlife animal sources and had been previously identified at the time of isolation by use of standard culturing techniques for M. avium subsp. avium and M. avium subsp. paratuberculosis. The identity of each isolate was confirmed further by acid-fast staining and positive PCR amplification of IS900 sequences from all isolates of M. avium subsp. paratuberculosis (15) . Additionally, the growth of all M. avium subsp. paratuberculosis isolates was mycobactin-J dependent while that of all M. avium subsp. avium isolates was not. Before starting the microarray analysis, we also performed an hsp65 PCR typing protocol (38) to ensure the identity of each isolate. The PCR typing protocol agreed with the results of an earlier characterization of all mycobacterial isolates used throughout this study (Fig. 1A) .
To investigate the extent of variation among M. avium subsp. avium and M. avium subsp. paratuberculosis isolates on a genome-wide scale, we used oligonucleotide microarrays designed from the M. avium subsp. avium strain 104 genome sequence. The GeneMark algorithm was used to predict potential ORFs (21) in the raw sequences of the M. avium genome obtained from TIGR. A total of 4,987 ORFs were predicted for M. avium subsp. avium compared to 4,350 ORFs predicted in M. avium subsp. paratuberculosis (31) . Relaxed criteria (i.e., determinations of sequences at least 100 bp in length with a maximal permitted overlap of 30 bases between ORFs) for assigning ORFs were chosen to allow the use of a comprehensive representation of the genome to construct DNA microarrays. In similarity to the characteristics seen with other bacterial genomes, the average ORF length was ϳ1 kb. Using the ASAP comparative genomic software suite (16), the ORFs shared by M. avium subsp. paratuberculosis and M. avium subsp. avium had an average identity of 98%, a result corroborated by others (4) . BLAST analysis of the ORFs from both genomes showed that about 65% (n ϭ 2,557) of the M. tuberculosis genes have a significant match (E Ͻ 10 Ϫ10 ) in the other genome. This preliminary analysis of M. avium subsp. avium and M. avium subsp. paratuberculosis genomes can be downloaded from the ASAP web site (http://www.genome.wisc .edu/tools/asap.htm) (see tables in the supplementary material). To test the reliability of genomic DNA extraction protocols and array hybridizations, the signal intensities of replicate hybridizations of the same mycobacterial genomic DNA were compared using scatter plots. ORFs with positive hybridization signals in at least 10 probe pairs were normalized and used for downstream analysis to ensure the inclusion of only ORFs with reliable signals. In all replicates, independently isolated hybridized samples of gDNA had high correlation coefficients (r Ͼ 0.9) (Fig. 1B) .
To investigate the genomic relatedness among isolates compared to relatedness to the M. avium subsp. avium 104 strain, we employed a hierarchical cluster analysis to assess the similarity of the hybridization signals among isolates on a genomewide level. M. avium subsp. avium isolates were more similar to each other than to the M. avium subsp. paratuberculosis isolates (Fig. 1C) . Within the M. avium subsp. paratuberculosis cluster, the human and the clinical animal isolates were far more similar to each other than to the ATCC 19698 reference strain, implying a closer relatedness between human and clinical isolates of M. avium subsp. paratuberculosis. Interestingly, despite the high degree of similarity between genes shared among isolates, hundreds of genes appeared to be missing from different genomes relative to M. avium genome. Most of the genes were found in clusters in the M. avium subsp. avium 104 genome, the reference strain used for designing the microarray chip (see supporting data). Consequently, regions absent from M. avium subsp. avium 104 but present in other genomes could not be identified in this analysis.
Large genomic deletions among M. avium subsp. avium and M. avium subsp. paratuberculosis isolates. To better analyze the hybridization signals generated from examined genomes, a Bayesian statistical principle (EBarrays package) (19) was used to compare the hybridization signals generated from different isolates to the signals generated from the M. avium subsp. avium strain 104 genome. The Bayesian analysis estimates the likelihood of observed differences in ORF signals for each gene between each isolate and the M. avium subsp. avium 104 reference strain. Initial analysis of these data identified a large number of differences among isolates, including many ORFs scattered throughout the genome ( Fig. 2A ). PCR analysis of the deletions in few single genes did not confirm the microarrays data (data not shown), most likely because of the low cutoff value (PDE Ͼ 0.5) that we used for making decisions on deleted genes. Instead of increasing the PDE value, with the consequent missing of gene deletions, we chose to focus our analysis on the deletions that occurred in consecutive ORFs to better characterize large genomic regions that could contribute to a specific phenotype or pathotype. Additionally, we decided to use PCR and sequencing to confirm all deletions identified by microarrays where possible. When regions included three or more consecutive ORFs, they were defined as a GI regardless of the size. Applying such criterion for GIs, 24 islands were present in M. avium subsp. avium strain 104 but absent from all M. avium subsp. paratuberculosis isolates, regardless of the source of the M. avium subsp. paratuberculosis isolates (animal or human). The GIs ranged in size from 3 to 196 kb (Table 2) , with a total of 846 kb encoding 759 ORFs. Interestingly, a clinical strain of M. avium subsp. avium (JTC981) was also missing seven GIs (nearly 518 kb) in common with all M. avium subsp. paratuberculosis isolates, in addition to the partial absence of five other GIs. This variability indicated a wide spectrum of genomic diversity among M. avium subsp. avium strains that was not evident among M. avium subsp. paratuberculosis isolates.
To confirm the absence of GI regions from isolates, we employed a strategy based on PCR amplification of the flanking regions of each GI followed by sequence analysis to confirm the missing elements. Because the size of most of the genomic island regions exceeds the amplification capability of a typical PCR, we designed three primers for each island, including one forward and two reverse primers (Fig. 2B ). This strategy was successfully applied with 21 genomic islands, while amplification from the rest of the islands (n ϭ 3) was not possible due to extensive genomic rearrangements. Overall, the PCR and sequencing verified the GI content as predicted by comparative genomic hybridizations ( Table 2 ). The success of this strategy in identifying island deletions provided us with a robust protocol to examine several clinical isolates that could not otherwise be analyzed using the costly DNA microarrays.
Bioinformatic analysis of genomic islands. While we were working on this project, the genome sequence of M. avium subsp. paratuberculosis was completed and published (20) . We reasoned that pair-wise BLAST analysis of the genome sequences of M. avium subsp. avium strain 104 and M. avium subsp. paratuberculosis strain k10 could further refine the ability to detect genomic rearrangements, especially for regions present in the M. avium subsp. paratuberculosis k10 genome but deleted from the M. avium subsp. avium 104 genome. The pair-wise comparison allowed us to better analyze the flanking sequences for each GI and to characterize the mechanism of genomic rearrangements among examined strains. As expected, BLAST analysis (E scores Ͼ0.001 and Ͻ25% sequence alignment between ORFs) correctly identified the deleted GIs in which ORFs of M. avium subsp. avium were missing from M. avium subsp. paratuberculosis, as detected by using the comparative genomic hybridization protocol. ORFs in a large proportion of each genome (Ͼ75%) are likely orthologous (Ͼ25% sequence alignment of the ORF length and Ͼ90% sequence identity at the nucleotide level). This high degree of similarity between orthologues indicates a fairly recent ancestor. Looking for consecutive ORFs from M. avium subsp. paratuberculosis that do not have a BLAST match in M. avium subsp. avium identified sets of ORFs representing 18 GIs comprising 240 kb that are present only in the M. avium subsp. paratuberculosis genome (Table 3) , among which seven islands were identified before (32) .
Genes encoded within M. avium subsp. avium-and M. avium subsp. paratuberculosis-specific islands were analyzed using the BLASTP algorithm and the GenPept database (19 October 2004 release) to identify their potential functions. The BLAST results allowed the assignment of signature features to each island. As detailed in Table 3 and Table 4 , with the presence of a large number of ORFs encoding mobile genetic elements (e.g., insertion sequences and prophages), several ORFs encode transcriptional regulatory elements, especially from the TetR family of regulators (23) . The polymorphism in TetR regulators could be attributed to the fact that their sequences allow them to be amenable to rearrangements. Alternatively, it is possible that the bacteria are able to differentially acquire specific groups of genes suitable for a particular microenvironment.
Further analysis of the GIs identified islands in both M. avium subsp. avium and M. avium subsp. paratuberculosis (such as MAV-7, MAV-12, and MAP-13) encoding different operons of the mce (mammalian cell entry) sequences that were shown to participate in the pathogenesis of M. tuberculosis (3, 8) . Another island (MAV-17) encodes the drrAB operon for antibiotic resistance (11), which is a well-documented problem for treating M. avium subsp. avium infection in HIV patients (30) . Interestingly, the GC percentages of the majority of M. avium subsp. paratuberculosis-specific islands (11/18) were at least 5% less than the average GC percentages of the M. avium subsp. paratuberculosis genome (69%) compared to only 3 GIs (out of 24) specific for the M. avium subsp. avium genome (Table 4) with lower-than-average GC percentages. The implication of this variation is discussed below.
Genomic deletions among field isolates of M. avium subsp. avium. Microarrays and PCR analysis of five mycobacterial isolates identified the presence of variable GIs between the M. avium subsp. avium and M. avium subsp. paratuberculosis genomes. To analyze the extent of such variations among clinical isolates circulating in both human and animal populations, we used PCR and a sequencing-based strategy to examine 28 additional M. avium subsp. avium and M. avium subsp. paratuberculosis isolates collected from different geographical locations within the United States (Table 1 ). An additional isolate of M. intracellulare was included as a representative strain that belongs to the MAC group but is not a subspecies of M. avium. For PCR amplification, we examined GIs spatially scattered throughout the M. avium subsp. avium and M. avium subsp. paratuberculosis genomes (Table 5 and Table 6 ) to identify any potential rearrangements in all quarters of the genome. Because of the wide-spectrum diversity observed among M. avium genomes, four GIs (MAV-3, MAV-11, MAV-21, and MAV-23) were chosen to assess genomic rearrangements in clinical isolates. Alternatively, because of the limited diversity observed among M. avium subsp. paratuberculosis genomes, a total of six M. avium subsp. paratuberculosis-specific GIs (MAP-1, MAP-3, MAP-5, MAP-12, MAP-16, and MAP-17) were chosen for testing genomic rearrangements. As suggested from the initial comparative genomic hybridization results, clinical isolates of M. avium subsp. paratuberculosis showed a limited diversity with respect to the existence of M. avium subsp. avium-specific islands (DT9 clinical isolate from a red deer), indicating the clonal nature of this organism (Table 5 ). In contrast, M. avium subsp. avium isolates showed a different profile from those of both M. avium subsp. avium 104 and M. avium JTC981, indicating extensive variability within M. avium isolates. A similar pattern of genomic rearrangements was observed when M. avium subsp. paratuberculosis-specific GIs were analyzed using M. avium subsp. avium and M. avium subsp. paratuberculosis isolates (Table 6) . Interestingly, most of the M. avium subsp. paratuberculosis clinical isolates with GI deletions were from wildlife animals, suggesting that strains circulating in wildlife animals could provide a potential source for genomic rearrangements in M. avium subsp. paratuberculosis.
Combined with the hierarchical cluster analysis employed on the whole genome hybridizations, PCR and sequence analyses provided more evidence that genomic diversity is quite extensive among M. avium subsp. avium strains but much less limited in strains of M. avium subsp. paratuberculosis. Unfortunately, analysis of GIs was not conclusive when M. intracellulare was used, suggesting more rearrangements in the M. intracellulare than in (4), we expected considerable conservation in the synteny between genomes (gene order) within M. avium subsp. avium strains. To test our hypothesis, we used the order of GIs as markers for conserved gene order and the overall genome structure between M. avium subsp. paratuberculosis and M. avium subsp. avium genomes. To our surprise, when the GIs associated with both genomes were aligned, three large genomic fragments with sizes of 54.9 kb, 863.8 kb, and 1,969.4 kb were identified as inverted relative to each other (Fig. 3) . The largest inverted region is flanked by MAV-4 and MAV-19, the second inversion is flanked by MAV-21 and MAV-24, near the origin of replication in both genomes, and the smallest inversion is flanked by MAV-1 and MAV-2. Because the bioinformatics analysis used raw genome sequences, we used a PCR and sequencing approach to substantiate the genomic inversions in seven mycobacterial isolates (three isolates of M. avium subsp. avium and four isolates of M. avium subsp. paratuberculosis). As predicted from the initial sequence analysis, primers flanking the junction sites of the inverted regions gave the correct DNA fragment sizes and orientations consistent with the sequences of M. avium subsp. avium and M. avium subsp. paratuberculosis genomes. Inversions were also analyzed in M. intracellulare with inconclusive results (data not shown). It is possible that genomic variations could be the reason for unsuccessful amplification of target sequences from M. intracellulare. More sequence analysis is needed to accurately investigate the inversions in M. intracellulare.
Further analysis identified several other smaller inversions that are present between M. avium subsp. avium and M. avium subsp. paratuberculosis and scattered throughout the large inversions (data not shown). The presence of such inversions could reflect active changes in controlling gene expression (5) , indicating the ability of the organism to adapt to different microenvironments.
DISCUSSION
Recent technological advances in the field of DNA microarrays combined with the availability of completed genome sequences have had a paramount impact on the field of comparative genomics. After a long period of slow progress, several microarray platforms were developed specifically to address questions related to the genome and transcriptome of mycobacterial infectious agents, including M. tuberculosis, M. avium subsp. avium, and M. avium subsp. paratuberculosis (32, 36, 41) . In this report, we took advantage of DNA microarrays based on the genome sequence of M. avium and bioinformatic comparisons of the genome sequences of M. avium subsp. avium and M. avium subsp. paratuberculosis to provide a comprehensive view of the genomic rearrangements within M. avium. Our analysis identified a total of 24 GIs present in M. avium subsp. avium but absent from 95% of the M. avium subsp. paratuberculosis isolates examined so far. An additional 18 islands specific to M. avium subsp. paratuberculosis that were absent from M. avium subsp. avium were also identified. The arrangements in these islands were verified by PCR amplification and sequencing. Previous studies analyzing polymorphism among M. avium subsp. avium strains (32, 36) reported only a proportion of the islands identified in this study (Table 7) . This reflects the different levels of sensitivity in technologies used to interrogate M. avium genomes. Use of long oligonucleotide microarrays had identified only 14 genomic regions, which were all identified by our analysis (36) . By use of PCR-based microarrays, seven regions of deletions were identified as present in M. avium subsp. paratuberculosis and absent or divergent in other M. avium strains (32) . In our hands, BLAST analysis identified an additional 11 regions that were specific for M. avium subsp. paratuberculosis. In the short oligonucleotide arrays employed in this study, every ORF is represented by 18 pairs of probes spanning the whole ORF; thus, the analysis may be less sensitive to cross-hybridization artifacts that could obscure detection of islands observed when long oligonucleotide (36) or PCR (32) microarrays were used. Unfortunately, the short, tiled oligonucleotide DNA microarrays are costly to produce. Despite the overall identity between M. avium subsp. avium and M. avium subsp. paratuberculosis (up to 98%) on the nucleotide level, the hierarchical cluster analysis of the hybridization signals was able to identify separate lineages for M. avium subsp. avium and M. avium subsp. paratuberculosis isolates. Overall analysis of the variations in GIs among isolates identified more widespread plasticity among M. avium subsp. avium isolates that was not detected in M. avium subsp. paratuberculosis isolates, implying that M. avium subsp. avium is more polymorphic than M. avium subsp. paratuberculosis, a conclusion that was drawn from a morphological analysis of M. avium subsp. avium colonies (10) and is now supported by our genomic analysis. Despite this genomic polymorphism, an extensive study of clinical isolates of M. avium subsp. avium and M. avium subsp. paratuberculosis was able to identify diagnostic DNA targets for each organism (35) . Nonetheless, the genome of the human isolate of M. avium subsp. paratuberculosis from a Crohn's disease patient was closely related to that of an isolate from a cow with a clinical case of Johne's disease. This result was consistent with our PCR analysis of additional human isolates and in complete agreement with previous reports of studies employing short sequence repeats of M. avium subsp. paratuberculosis (15) . However, wildlife animals could provide a reservoir for genomic diversity in M. avium subsp. paratuberculosis. Because of the implications of such findings for strategies to control Johne's disease, it is essential to analyze more strains isolated from variable sources, including wildlife animals, on a genome-wide level before synthesizing conclusions. An interesting finding in our analysis of the M. avium subsp. avium genome is the high level of polymorphism observed in TetR family of transcriptional regulators. Some members of this family of regulators are involved in antibiotic resistance as well as transcription repression (17, 33) . Mycobacterial species are notorious for resisting common chemotherapies, especially members of M. avium complex infecting AIDS patients (30) . The process of active recruitment of GIs encoding the TetR genes could represent a mechanism that M. avium subsp. avium strains employ to resist levels of antibiotics once introduced to their microenvironment. Alternatively, when the antibiotics are not present, organisms may lose the TetR sequences. The mechanisms giving rise to genomic diversity in different microenvironments may differ, as evidenced by the differences in GC content identified between the M. avium subsp. avium and M. avium subsp. paratuberculosis genomes. The presence of GIs with a lower GC percentage in M. avium subsp. paratuberculosis may reflect a propensity for this organism to acquire genetic elements from the bacterium-rich intestinal microenvironment through lateral gene transfer mechanisms, as opposed to acquisition from other M. avium strains with similar GC percentages. The more typical GC content of M. avium subsp. avium-specific islands may reflect limitations on sources or mechanisms for acquisition of genetic materials from more-diverse organisms. Another example of divergence between M. avium subsp. avium and M. avium subsp. paratuberculosis in pathogenesis is the polymorphism observed in GIs encoding different types of mce operons. The mce genes are a group of four operons that were shown to contribute to the entry of M. tuberculosis to mammalian cells (3, 8) . Definitely, examples for genomic plasticity among M. avium members need to be studied in detail to delineate the role of genomic exchange on microbial fitness. Throughout our analysis of standard and clinical isolates of subspecies of M. avium we identified two main types of genomic rearrangements. The first source of rearrangements in the examined isolates is insertions and/or deletions of genomic islands that could be necessary for pathogen survival within a particular microenvironment. The second source for large-scale rearrangements is genomic inversion, with its implications for regulation of the expression of key antigens. Mechanisms for the latter include homologous recombination, as suggested before for Lactococcus lactis (12) , and could be supported by the presence of prophage sequences in the flanking sequences, as suggested for Streptococcus pyogenes (26) . On the other hand, for the rearrangements introduced by the GIs, detailed analysis of their sequences and the flanking DNA regions has resulted in classifying these islands into two categories. A type I island is simply an additional fragment of M. avium subsp. avium-or M. avium subsp. paratuberculosis-specific DNA sequence that is present in the genome of one but not the other. Most of these GIs contain mobile genetic elements (45) , suggesting that horizontal gene transfer events led to the insertion or deletion of the GIs. Genes encoded in type I GIs included transposases from different insertional sequence families (e.g., IS117, IS1601, IS200), integrases, and plasmid transfer proteins (Table 3 and Table 4 ).
In M. avium subsp. paratuberculosis-specific islands, some of the type I GIs (MAP-12, MAP-13) included prophage sequences, a unique feature that was not detected in MAV GIs. All these mobile genetic elements can play a role in genomic rearrangements through simple transposition and integration and could play a role in the inversion of the largest genomic DNA fragment. In one of the type I GIs (MAV-9), a type III restriction enzyme system was found, which could be associated with island integration or deletion from the ancestral organism (39) . Such patterns of rearrangement are well documented for other bacteria such as Escherichia coli and Streptomyces spp. (42, 45) . Insertion or deletion of GIs frequently involves large DNA fragments, as previously described in the case of Streptomyces glaucescens (6) . We observed that the median size of type I MAV GIs is 21 kb, which is four times larger than the median size of the rest of the GIs (4.7 kb). In the other type of GI (type II), unique DNA fragments are present in M. avium subsp. avium or M. avium subsp. paratuberculosis genomes at the corresponding breaking points of each island (complex genomic island). For GIs belonging to type II, transposition-related genes were found in fewer islands than in those belonging to type I, indicating a potential difference in the mechanisms responsible for introduction of these islands. In these cases it is possible that homologous recombination is responsible for their introduction when DNA fragments exchange between homologous sites of the genome following crossover and resolution events. Taken together, our data suggest that some GIs belonging to type II could be responsible for unique mechanisms of pathogenicity islands involved in virulence. This hypothesis is supported by the presence of lower GC percentages in M. avium subsp. paratuberculosis GIs near tRNA genes, a hallmark of pathogenicity islands (18) . This particular type of GI could provide advantages for M. avium subsp. paratuberculosis with respect to persistence inside the host microenvironment.
Finally, the comparative genomic analysis of M. avium subsp. avium versus M. avium subsp. paratuberculosis identified two large fragments of genomic inversions. Previously, genetic inversions were believed to be used as a mechanism for regulating gene activity, such as in the case of type I fimbriae expression in E. coli (34) . In another system, 12 genomic inversions were detected in Bacteroides fragilis, an opportunistic pathogen that colonizes the intestine (9) . It was suggested that such extensive inversions could contribute to the reversible phase and antigenic variations. Because of the very large sizes of inversions detected and despite the overall sequence identity between the M. avium subsp. avium and M. avium subsp. paratuberculosis genomes, we predict a substantial difference in the expression profiles between both strains, especially for genes encoded in the inverted regions. The implications of such inversions for the antigenic variations among M. avium subspecies remain to be investigated on both the transcriptome and proteome levels. So far, we have confirmed the inversions in seven isolates; additional isolates could be examined to investigate the extent and distribution of such inversions among isolates from different hosts.
The presented analysis of genomic rearrangements among M. avium genomes supported the notion of the emergence of distinct lineages of opportunistic and pathogenic strains of mycobacteria. The presented findings provide a wealth of in- 
